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O'Brien-White theoryHematite particles in SDS-containing dispersions form aggregates, and the size of the aggregates is pH-
independent. The apparent size of aggregates is insensitive to aging, but in fresh (about 2 h) acidic dispersions
the electrophoretic mobility is substantially higher than in aged dispersions.
© 2014 Elsevier B.V. Open access under CC BY-NC-ND license.The interaction of anionic surfactants with the surface of hematite
has been extensively studied. In addition to purely academic interest,
such systems are relevant to migration of surfactants in natural waters
[1]. Uptake of surfactant from solution, ζ potential (electrophoretic
mobility), stability of dispersions, and IR spectra are used to characterize
the adsorption of surfactants. Less attention is paid to the effect of sur-
factants on aggregation of hematite particles. Several adsorption studies
have been carried out in series of dispersions adjusted to various pH
values (typical range 3–11), and the pH effect on selected properties
was followed. For example Bai et al. [2] report adsorption isotherms of
sodium dodecyl sulfate (SDS) on hematite at pH values 3–10 at SDS
equilibrium concentrations up to 10−2 M. In contrast, in many other
studies, the pH effects were not considered, and the experiments were
carried out at constant pH (usually a natural pH of about 6). Most stud-
ies were carried out in dispersions equilibrated for certain time (usually
about 1 d), which was (allegedly) sufﬁcient to reach the adsorption
equilibrium, and very few studies report on kinetics of adsorption.
Bhagat [3] studied the kinetics of sodium dodecyl benzene sulfonate
(SDBS) adsorption on commercial hematite. The uptakewas followed as
a function of timeup to 150min at an initial pH of 4, 7, and 9. The uptake
of surfactant induced a shift in the pH to higher values at pH 4, and to
lower values at pH 7 and pH 9. The uptake was steadily increasing,
that is, constant uptake was not reached within the ﬁrst 150 min The
uptake after 150 min was compared with that after 18 h-equilibrationi).
Y-NC-ND license.(whichwas termed equilibriumvalue), and N99% of equilibriumuptake
was reached within 150 min at pH values 7 and 9, but only 92% of
equilibrium uptake was reached within 150 min at pH 4. The effect of
further equilibration (over 18 h) on the uptake of the surfactant was
not studied. The results by Bhagat are in linewith the usual assumption,
that after 1-day equilibration, the system is in adsorption equilibrium,
and further aging is not likely to bring about substantial changes except
that at low pH the equilibration may not be completed even after a
1-day equilibration.
Adsorption of anionic surfactants on hematite at constant pH is usu-
ally interpreted in terms of the four-region adsorption isotherm [4–6].
Region I in the adsorption isotherm plotted on log–log scale (Supple-
mentary data, Fig. S1) has a relatively low slope, and corresponds to
adsorption of separate surfactant anions (no lateral interaction). In
region II, attractive chain–chain interaction of neighboring adsorbed
surfactant anions results in substantial increase in the slope of the
adsorption isotherm. In regions III and IV the slope of the adsorption iso-
therm decreases with respect to region II as a result of over-monolayer
coverage. The above adsorption mechanism (interpretation of regions III
and IV by various authorsmay differ) considers interactions between sur-
factant anions adsorbed on the sameparticle, but neglects interactions be-
tween various particles with pre-adsorbed surfactant. Colic and
Fuerstenau [7] considered bridging between colloidal particles via hydro-
phobic tails fromhemimicelles adsorbed on twodifferent particles. Ji et al.
[8] studied themorphology of aggregates produced in dispersions of syn-
thetic hematite (original particles 50 nm in diameter) at pH 6.3 in the
presence of SDS. The dispersions were aged for at least 1 week. The size
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(raspberry-shaped), nearly spherical aggregates of diameters 1–5 μm
were observed at SDS concentration of 1.4 × 10−4 M. Compact,
irregularly-shaped aggregates, about 5 μm in diameter, were found at
SDS concentration of 10−3 M. SDS concentration of 10−2 M resulted in
chain-like aggregates (about 1 μm) with an open structure.
The effect of anionic surfactants on the size of hematite aggregates in
wet state was studied by Colic and Fuerstenau [7] at pH 11 in the
presence of 0.1MNaNO3. Such a high ionic strength induces substantial
aggregation of particles irrespective of the presence of surfactant.
Liang andMorgan [9] studied the stability of hematite dispersions at
pH5.2 in the presence of 0.05MNaCl and fatty acids (C8 to C12). In spite
of relatively high ionic strength, substantial stability ratios (logW N 1.5)
were attained with sufﬁciently high concentrations of lauric and capric
acids (but not for caprylic acid). Liang and Morgan studied only the
stability (light extinction), and they do not report the particle size.
Ref. [8] indicates that aggregation of particles plays a signiﬁcant role
in the interactions in hematite dispersions containing anionic surfac-
tants. These interactions are complicated, and an adsorption model
related to the four-region adsorption isotherm is not sufﬁcient to
describe them. We undertook systematic studies of the particle size
in SDS–hematite dispersions at various pH values and various initial
concentrations of SDS, at strictly controlled solid-to-liquid ratio.
Monodispersed hematite was obtained by hydrolysis of acidiﬁed
FeCl3 solution [10]. Solution 0.02 M in FeCl3 and 0.001 M in HCl was
heated for 1 d at 100 °C in a sealed glass bottle. The excess of acid was
removed at room temperature in a series of centrifugation cycles. The
supernatant was replaced with MilliQ water, and the particles were
re-dispersed until the dispersion reached pH 4. Then the particles
were freeze-dried. The hematite structure was conﬁrmed by XRD, and
the BET speciﬁc surface area was 58 m2/g (Gemini 2.0, Micromeritics).
The electrophoretic mobility and particle radius of hematite were
measured by Malvern ZetaSizer at 25 °C using a transparent disposable
cell. The particles-to-solution mass ratio was usually 1:2000. A series of
dispersions (20mL each)was prepared in 10 air-tight plastic test tubes.
Particular series of dispersions were aged for various times ranging
from 2 h to 7 d. Each series of dispersions (fresh, 1-day aged, etc.) was
prepared separately, and used only once. The concentrations of
solutes were adjusted by dilution of calculated volumes of their
concentrated solutions with water. All experiments were carried out in
the presence of 10−3 M NaCl. Moreover, various concentrations of SDS
(0 to 10−2 M) and phosphate (0 or 10−3 M) were present. The concen-
trations of solutes reported in this paper are their initial concentrations
(before addition of hematite), that is, depletionof solutiondue to adsorp-
tion was not studied. Hematite was added as dry powder to each testFig. 1. The electrophoreticmobility in fresh dispersions of hematite (1:2000 bymass) in 10−3
M NaCl at various SDS concentrations.tube separately, and dispersed by means of an ultrasonic bath. A few se-
ries of dispersions with particles-to-solution mass ratios different from
1:2000 were also studied.
The pH was adjusted to ten different values in the range 4–11 (in
each test tube separately) by addition of HCl or NaOH solution. The pH
was adjusted directly after hematite addition and ultrasonication, but it
was only measured after the assumed aging period, just before injection
of dispersion to Malvern cell. The experiment was designed to avoid
excessive contact between glass electrode and dispersion. In the course
of the pH-measurement and of ﬁlling of the Malvern disposable cell,
the test tubes were open to atmosphere, but these steps were quick to
avoid excessive absorption of carbon dioxide.
The isoelectric point IEP of hematite in the absence of SDS or
phosphate is at pH 9 (Fig. 1).
This value is consistent with IEP of pure hematite reported by the
others. The value of IEP of our hematite indicates that the silica contam-
ination was negligibly low [11]. The experimental conditions in Fig. 1
were expressed in Table S1 (Supplementary data) in terms of surface
area-to-SDS ratios. These ratios were comparedwith a theoretical mono-
layer (0.5 nm2/SDSmolecule). Table S1 indicates that in the case of 10−3
and 10−2 M SDS, the amount of SDS in the systemwas sufﬁcient to form
monolayer and even multilayer coverage, while in the case of 10−5 and
10−4 M SDS it was not. This explains different courses of electrokinetic
curves at high and low SDS concentrations. The pattern illustrated in
Fig. 1, that is, a maximum in the electrophoretic mobility at neutral pH
was analogous to electrokinetic curves of hematite [7] and of alumina
[12] at moderate surfactant-to-surface-area ratios. Such a maximum is
characteristic for adsorption of anionic surfactants on metal oxides, and
it is not observed in speciﬁc adsorption of inorganic anions. For example
adsorptionof sulfate ongoethite depresses positive ζpotentials and shifts
the IEP to low pH, but the electrokinetic curves do not show amaximum
[13]. The difference between the adsorption behavior of anionic surfac-
tants on the one hand, and inorganic anions on the other, with special
emphasis on electrokinetic behavior was discussed in more detail else-
where [12].
The increase in electrophoreticmobility induced by an increase of the
SDS concentration from 10−3 to 10−2 M does not necessarily imply an
increase in the ζ potential. Namely, the particle size and morphology in
10−3 to 10−2 M SDS are different (for the relationship between ζ and
mobility see Supplementary data).
In the presence of 10−3 M SDS, the electrophoretic mobility is about
−4 × 10−8 m2/V/s, over the entire studied pH-range. In the presence of
10−3 M SDS and 10−3 M phosphate (Supplementary data, Fig. S5), the
electrophoretic mobility is about −4 × 10−8 m2/V/s, over the entireFig. 2. The particle radius in fresh dispersions of hematite (1:2000 bymass) in 10−3 M NaCl.
Fig. 4. The particle radius in dispersions of hematite (1:2000 bymass) in solutions 10−3M
in SDS, 10−3 M in phosphate and 10−3 M in NaCl. The solid lines mark the range average
radius of primary particles ± 1 standard deviation. The dotted lines mark the range aver-
age radius of primary particles ± 2 standard deviations.
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mobility is about−5 × 10−8 m2/V/s, over the entire studied pH-range.
This is well known that at sufﬁciently high concentration of anionic sur-
factant, the electrophoretic mobility of metal oxides is highly negative
and pH-independent [12]. The correlation between the absolute value of
electrophoretic mobility and dispersion stability is well-known. Appar-
ently dispersions of hematite, in which the absolute value of electropho-
retic mobility is in excess of 4 × 10−8 m2/V/s should be relatively stable,
and dispersions of hematite, inwhich the absolute value of electrophoret-
ic mobility is in excess of 5 × 10−8 m2/V/s should be very stable.
The particle radius in fresh (prepared about 2 h before themeasure-
ment) dispersions of hematite in 10−3 M NaCl in the absence of SDS or
phosphate is plotted in Fig. 2 as a function of pH.
The results presented in Fig. 2 conﬁrm the anti-correlation between
particle size and the absolute value of electrophoretic mobility, which
is often observed in dispersions of hematite and of other metal oxides.
Far from the IEP the electrophoretic mobility is high in absolute value
(Fig. 1), and the particle size is small (average value 144 nm) and consis-
tent (standard deviation 19 nm, that is, 13%). Close to the IEP the electro-
phoretic mobility is low in absolute value (Fig. 1), and the particle size is
large and less consistent. Therefore the reliability of numerical values of
particle radius obtained at low absolute values of ζ potential is limited.
The polydispersity index of hematite particles in the absence of SDS
is pH-dependent. Far from the IEP, the particles were relatively
monodispersed (consistent polydispersity index of 0.15), while
close to IEP (pH 6.5–10.5), the values of polydispersity index were
high (up to 0.4), and scattered.
The particle radii observed in fresh and aged dispersions of hematite
in 10−3 M in NaCl and 10−5 or 10−4 M in SDS (initial concentration)
were large and scattered (see Supplementary data, Fig. S2 and S3).
This result is in line with electrophoretic mobilities (Fig. 1), which
were low in absolute value (close to zero). The particle radius in fresh
and aged dispersions of hematite, 10−3 M in NaCl and 10−3 M in SDS
(initial concentration) is plotted in Fig. 3 as a function of pH.
The results shown in Fig. 3 are surprising for two reasons. In spite of
electrophoretic mobility, which is relatively high in absolute value (cf.
Fig. 1), hematite particles show substantial degree of aggregation in the
presence of 10−3 M SDS (cf. the size of primary particles in Fig. 2). All
particle radii are larger than the average radius of primary particles +
3 standard deviations. The degree of aggregation does not show any
clear trend on aging. Apparently, relatively stable structures involving
multiple hematite particles are formed. Those structures may be similar
to those observed in Ref. [8] by TEM, and they may be due to bridgingFig. 3. The particle radius in dispersions of hematite (1:2000 bymass) in solutions 10−3M
in SDS and 10−3 M in NaCl.between colloidal particles via hydrophobic tails from hemimicelles
adsorbed on different particles as discussed in Ref. [7]. The values of
polydispersity index obtained in the presence of 10−3 M SDS were
high (0.3 to 0.4), and scattered. No clear trend in polydispersity index
as a function of pHor of aging timewas observed. TheMalvern software
produces not only the average particle size (Fig. 2 and 3) but also size-
histograms (up to 3 peaks). In the presence of 10−3 M SDS, the best-ﬁt
size distributions were unimodal (rather than bimodal or trimodal)
log-normal distributions.
The addition of 10−3 M of phosphate to hematite–SDS dispersions
has rather insigniﬁcant effect on their electrophoretic mobility (Supple-
mentary data, Fig. S5), but it substantially changes the particle size
distribution as illustrated in Fig. 4.
The size of particles observed in SDS–phosphate–hematite dis-
persions is similar to the size in hematite dispersions in the absence
of SDS and far from IEP (Fig. 2). Namely 59% of data points fall in the
range average size of primary particles± 1 standard deviation, and 88%
of data points fall in the range average size of primary particles ± 2
standard deviations.
Apparently adsorption of phosphate prevents bridging of hematite
particles by SDS. Adsorption of phosphate on iron oxides is a problemFig. 5. The electrophoretic mobility in fresh and aged (1–7 days) dispersions of hematite
(1:2000 by mass) in 10−3 M NaCl + 10−3 M SDS.
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the present communication.
The particle radius in aged dispersions of hematite in solutions
10−3 M inNaCl and10−2M in SDS (initial concentration)was also stud-
ied. The particles have similar sizes (Supplementary data, Fig. S4) as the
primary particles observed in the absence of SDS far from IEP (Fig. 2), and
substantially smaller sizes than the particles in dispersions 10−3 M in
NaCl and 10−3 M in SDS (Fig. 3). Apparently a multilayer coverage of
hematite in 10−2 M SDS results in structures, which prevent bridging
between colloidal particles via hydrophobic tails from hemimicelles
adsorbed on two different particles. Such bridging is only possible with
a nearly monolayer coverage (10−3 M SDS).
Most kinetic experiments in this study (mobility and size as a func-
tion of aging time) produced results similar to those shown in Figs. 3
and 4, and in Supplementary data, that is, the results observed for differ-
ent aging times showed some scatter, but no systematic trend. Fig. 5
presents a systematic trend in the electrophoretic mobility on aging.
In fresh dispersions of hematite in solution 10−3M in NaCl and 10−3
M in SDS the mobility was relatively high in absolute value, and it
dropped by about 10−8 m2/V/s (1/4 of the initial value) on aging for
1 d. Further aging has rather insigniﬁcant effect on the mobility. The
difference between fresh and aged dispersions is more signiﬁcant in
acidic range, less signiﬁcant in pH-neutral range, and rather insigniﬁcant
in the basic range. The slower equilibration at acidic pH than at basic pH
is in linewith thekinetics of surfactant adsorption observed in [3],which
was also slow at low pH. The decrease in electrophoretic mobility in-
duced by aging does not necessarily imply a decrease in the ζ potential.
Probably the aging of dispersions results in re-arrangement of primary
particleswithin the aggregates. The relationship between the ζ potential
and the electrophoretic mobility depends on the morphology of aggre-
gates, and it cannot be derived from the apparent size of the aggregates
(cf. Fig. 3). The aggregates in fresh dispersions produce less hydrody-
namic drag than aggregates in aged dispersions. Fig. 5 supports the
hypothesis that low absolute value of the mobility in 10−3 SDS (Fig. 1)as compared with 10−2 M SDS is rather due to high hydrodynamic
drag of the aggregates than to their low ζ potential.Appendix A. Supplementary data
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.colcom.2014.06.004.References
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